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Abstract 
Qualitative and quantitative 13C NMR studies were performed on 30 wt % aqueous solution of 2-amino-2-methyl-1-propanol 
(AMP) with different amount of CO2 at 25ºC. The results suggested that the main species in this system are: AMP/AMPH+, 
AMPCO2- and HCO3-/CO32-. The carbamate was observed at low loading and the carbamate stability constant was calculated 
based only on the experimental species concentration from NMR analysis. Based on the liquid phase speciation from NMR, the 
carbamate stability constant on mol fraction basis was found to be about 0.47 at 25ºC.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
A number of processes for the removal of CO2 are available, but the most widely used technique is chemical 
absorption of the acid gas into solutions of amines, and in particular alkanolamines. The absorption process is 
associated with chemical reactions between the basic amine and the acid gas. Sterically hindered amines like 2-
amino-2-methyl-1-propanol (AMP) have been widely used and studied as potential candidate absorbents 
recommended for their high CO2 loading capacity and easy regeneration at low temperature [1]. Recently, hindered 
amines are employed in commercial solvent blends like KS-1 where it is demonstrated that they, together with a 
promoter, have a high effective CO2 loading and good kinetic properties. They show higher CO2 absorption rates 
than monoethanolamine (MEA) which is one of the conventional absorbents used [2]. The reaction products in the 
AMP/CO2/H2O system are predominately the bicarbonate species.  
The low carbamate level is caused by the low carbamate stability constant [1]. This makes it difficult to measure, 
but it is important for determining and modeling the absorption kinetics and in particular in the low loading range. 
The carbamate formation is weak resulting in a high loading capacity up to 1.0. For such compounds the solution 
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level of bicarbonate is increased, allowing greater CO2 loading of the amine solutions. Regarding the studies of 
carbon dioxide absorption, Nuclear Magnetic Resonance (NMR) has been used to determine carbamate stability and 
liquid phase composition/speciation [3-6]. 
 In this work we focus on the quantitative speciation of the AMP/CO2/H2O system by using 13C-NMR spectra. 
13C-NMR has the potential of being more accurate than the 1H-NMR due to the quantification of the carbonate 
species which can not be observed in 1H-NMR. In the quantitative 13C-NMR technique, the two important 
parameters are the relaxation time measurement (T1) and the suppression of the Nuclear Over-Hauser Effect (NOE) 
which relates to the enhancement of the carbon signal in the presence of a proton as a neighbor nucleus. To avoid 
this effect, the inversion-recovery method is used during the experiment.  
2. Experimental Section 
Sample preparation. The batch solution was prepared from 97% pure AMP, supplied by Acros Organics (Acros 
Organics BVBA, Geel, Belgium), and distilled water (unloaded solution). The result solution is 30 wt% AMP. 1,4-
Dioxane (~5 mol % of amine) was added as internal reference standard. CO2 (grade 3.0) supplied by AGA Gas 
(AGA Gas GmbH, Hamburg, Germany) was added by bubbling the gas into the solution. The loading was 
determined from the weight change of the solution after CO2 bubbling. The CO2 and amine concentrations were 
determined by titration and compared with NMR analyses. Loaded and unloaded solutions were filled into Norrel 
507-HP tubes and weighed. A small amount of D2O (5-10 mass % of solution) was added to get a signal lock. In 
order to map the species that exists in the AMP/CO2/H2O system, qualitative and quantitative measurements were 
performed.  
Quantitative NMR work. The result spectra of 30 wt % AMP solution with different CO2 loadings were 
acquired by means of a Bruker Avance DPX 400 MHz NMR spectrometer (Bruker BioSpin GmbH) with a 5 mm 
DUAL 1H/13C probe head. 13C NMR spectra were recorded at 25ºC and the processed with Bruker BioSpin 
XWINNMR software. 
Spectra from CO2 loadings of up to 0.62 were recorded at 298.0 K with the following acquisition parameters: 
pulse duration, p1 = 6.90 s, acquisition time, AQ = 2.83s, delay time between two transitions, D1 = 150s, and 
number of scans, NS = 300. The time needed for quantitative experiments was about 13h.  
To obtain quantitative results, the areas under the spectral peaks were integrated and related to the area of the 
standard peak of 1,4-dioxane (D8) with a chemical shift =67.19 [8]. 
3. Chemistry 
AMP is a member of a class of so called sterically hindered amines defined structurally as a primary amine where 
the amino group is attached to a tertiary carbon atom or a secondary amine where the amino group is attached to a 
secondary or tertiary amino group [3]. In the chemical absorption of CO2 in an aqueous amine system, CO2 is bound 
as either bicarbonate/carbonate or carbamate [9]. The potential species for this system are shown in Figure 1. The 
following species are considered to exist in the liquid phase: AMP, AMPH+, AMPCO2-, CO2, HCO3-, CO32-, H2O, 
H3O+ and OH-. 
 
 
 
 
 
 
Figure 1. Potential amine species that exist in AMP-CO2-H2O system. 
 
The chemical equilibrium reactions taking place in the liquid phase when CO2 is absorbed in an aqueous solution 
of AMP are: 
 
Dissociation of water:  
                  2H2O  H3O+ + OH-                   (1) 
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Dissociation of carbon dioxide:  
     CO2 +  2 H2O  H3O+ + HCO3-      (2) 
Dissociation of bicarbonate:  
     H3O+ + HCO3-  2 H2O + CO2    (3) 
Dissociation of protonated AMP:  
     AMPH+ + H2O  AMP + H3O+    (4) 
Carbamate formation and reversion:  
                  AMP + CO2 + H2O  AMPCOO- + H3O+    (5) 
An alternative equilibrium can be set up:  
     AMP + HCO3-  AMPCOO- + H2O   (6) 
4. Thermodynamic Model 
The carbamate stability constant can be expressed as the molar fraction and activity coefficient ratio, the 
calculation for each of them is shown below:  
 
 
            (7)
   
   
 
To calculate the activity coefficients, several models can be used. Some of the possible models for this purpose 
are: the Deshmukh-Mather model [13], e-NRTL, e-UNIFAC/ UNIQUAC models [7]. These all need to be fitted to 
partial pressures of CO2 as function of loading from the vapor-liquid equilibrium data, and other available data [14]. 
In this paper are shown only experimental data from NMR. Activity coefficients were therefore not included and 
an apparent carbamate constant, Kc, was evaluated based on the mol fraction ratio only. 
The accuracy of the carbamate stability constant determined from the concentration measurements will of course 
depend on the accuracy of the thermodynamic model used to predict the activity coefficients and the accuracy of the 
species concentration measurements. In earlier studies [7, 10] the use of the NMR technique was demonstrated, and 
thermodynamic models for activity coefficient estimation were suggested.  
5. Results and Discussion 
5.1. Assignment of the peaks 
13C-NMR was performed on the AMP/CO2/H2O system at different loadings (mol CO2/ mol AMP) as shown in 
Figure 2. The chemical shift for the system is in the range  = 20 -170 ppm.  
Before CO2 loading, free AMP appears with three peaks: at  = 71.9;  = 50.7 and  = 26.0 ppm which 
corresponds respectively to secondary carbon (-CH2OH) tertiary carbon (-CNH2) and average peak for two methyl 
groups ((-CH3)2) as shown in Figure 2. According to Chakraborty et al. [1], when AMP reacts with CO2, no 
carbamate is observed in solution. This can be explained by the fact that at complete bicarbonate hydrolysis, the 
concentration of carbamate is lower than the sensitivity of the used instrument [1]. In our experiments, after loading 
to  = 0.12, two new peaks appear representing the signals of the carbamate species (AMPCOO-) in the range 
=159.2 – 164.8 ppm and carbonate/bicarbonate species in the range  = 163.5 - 166.2 ppm. These peaks hardly 
visible in the Figure 2 because of the intensity of the peak. As the literature suggests, due to the fast exchange of 
protons, it is not possible to distinguish between HCO3- and CO32-, and between amines and protonated amines 
(AMP/AMPH+) from NMR spectra [6-7].  Therefore, the same peak in the spectrum may represent both HCO3- and 
CO32- or both AMP and AMPH+ as shown in Figure 2. 
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Figure 2. 13C-NMR spectra for 30 wt % AMP solution with varying CO2 loading at 25ºC. 
 
By increasing the loading from 0 mol CO2/ mol AMP to 0.62 mol CO2/mol AMP the relative intensity of the 
carbamate peaks increased. From Figure 2 it can be seen that the peaks are shifted. This is most likely the effect of 
protonated AMP and carbamate formation upon increasing the amount of CO2 in the system. The peak assignments 
in Figure 2 are listed in Table 1. 13C NMR work indicates that the potential species are: AMP/AMPH+, AMPCOO- 
and HCO3-/CO32-. 
 
Table 1. Assignment of the peaks in Figure 2 
 
Peak number Assignmenta  
1 OH-CH2-C(CH3)2-NH2 
OH-CH2-C(CH3)2-NH2H+ 
Secondary carbon of AMP 
Secondary carbon of AMPH+ 
2 OH-CH2-C(CH3)2-NH2 
OH-CH2-C(CH3)2-NH2H+ 
Tertiary carbon of AMP 
Tertiary carbon of AMPH+ 
3a;3b OH-CH2-C(CH3)2-NH2 
OH-CH2-C(CH3)2-NH2H+ 
Two methyl groups of AMP 
Two methyl groups of AMPH+ 
1* OH-CH2-C(CH3)2-NH-COO- Secondary carbon of AMPCOO- 
2* OH-CH2-C(CH3)2-NH-COO- Tertiary carbon of AMPCOO- 
3a*;3b* OH-CH2-C(CH3)2-NH-COO- Two methyl groups of AMPCOO- 
4* OH-CH2-C(CH3)2-NH-COO- Carbon from AMPCOO- 
 HCO3-/CO32- Carbonate/bicarbonate 
a The bold/italic carbons represent the respective peaks in the spectra. 
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5.2. Carbamate stability calculation. 
As previously mentioned, the limitations of the13C NMR technique do not allow us to distinguish between the 
bicarbonate/carbonate peaks and between the amine/protonated amine species peaks, because of the fast exchange of 
the proton. To distinguish between these species, an extensive calibration of the pH effects on the chemical shifts 
can be performed [7]. However, this is very laborious and time consuming. 
To separate the bicarbonate/carbonate species peaks the earlier results of Holmes, et al., [11] on the equilibrium 
constants of the first and the second dissociation of carbonic acid are applied. The chemical shift of the HCO3-/CO32- 
peak is used to calculate the ratio of HCO3-/CO32- and from the quantitative NMR analysis the amount of HCO3-plus 
CO32- is determined. This calculation method is implemented also for AMP/AMPH+ which can be distinguished 
based on the pKa value of AMP at 25ºC reported by Hamborg, et al., [12] and on the pH values measured for each 
sample for different concentrations of CO2 (see Table 2).  Their total amount is calculated from the NMR analysis. 
The liquid speciations of AMP/CO2/H2O system and the carbamate stability constant are summarized in the Table 2. 
 
Table 2. pH values and NMR speciation for the different loadings in the AMP/CO2/H2O system at 25 ºC. 
 
 
The results in Table 2 show that an increase in CO2 loading decreases the pH value of the solution, as of course 
expected. Hence, the concentration of the AMP decreases while the concentration of AMPH+ gradually increases. 
The carbamate concentrations tended to be almost stable without any visible trend. The carbamate stability constant 
of AMP is not reported in the literature yet for different loadings. Also in the values for the carbamate stability 
constant for monoethanolamine (MEA) reported by Jacobsen et al. [7], no clear trend is observed. The carbamate 
stability values versus the CO2 loadings are plotted in the Figure 3. Apart from the two points, results show clear 
trend. Two repeated experiments show reasonable reproducibility in the measurements, implying that this may be a 
promising method for determination of the carbamate stability.  
According to Chakraborty et al. [1], when AMP reacts with CO2, no carbamate is observed in solution even at 
loading 0.65. This can be explained by the fact that at complete bicarbonate hydrolysis, the concentration of 
carbamate is lower than sensitivity of their instrument and they reported that the carbamate stability is about 0.1 [1].  
In our study we have calculated and average mol fraction based apparent carbamate stability constant, 
independent of loading. An average value estimated to 0.47 for the apparent carbamate stability constant is used to 
compare the results. The results in Figure 3 indicate an increase in the apparent carbamate stability with increasing 
loading. This may be interpreted as a shift in the activity coefficient ratio in Eq. (7). However, more results are 
needed to substantiate this. 
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0.00 12.3 8.11E-02 1.82E-04 1.00E-07 1.00E-10 0.00E+00 0.00 0 
0.12 10.8 7.42E-02 5.88E-03 1.61E-04 6.04E-03 4.11E-04 0.00 0.36 
0.24 10.4 6.61E-02 1.21E-02 3.77E-04 1.20E-02 1.46E-03 0.00 0.48 
0.33 10.2 5.92E-02 1.80E-02 3.38E-04 1.44E-02 1.62E-03 0.00 0.40 
0.41 10.0 5.32E-02 2.39E-02 3.50E-04 2.19E-02 2.15E-03 0.00 0.30 
0.51 9.7 4.07E-02 3.53E-02 4.81E-04 1.97E-02 5.37E-03 0.00 0.60 
0.62 9.5 2.81E-02 4.77E-02 3.69E-04 1.91E-02 7.29E-03 0.00 0.69 
618 A.F. Ciftja et al. / Energy Procedia 4 (2011) 614–620
 A. F. Ciftja et al. / Energy Procedia 00 (2010) 000–000 
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Loading (mol CO2/mol AMP)
K
c
Kc values average repeated exp.
 
Figure 3. Carbamate stability versus CO2 loading at 25ºC. 
 
6. Conclusion 
NMR spectroscopy is a suitable analytical method to determine the liquid phase speciation in absorbent systems. 
The quantitative 13C NMR provides clear speciation information and is useful in the calculation of the mole 
percentage of each species relative to the total amine concentration. 
13C NMR studies were performed on the AMP/CO2/H2O system.  Liquid-phase speciations were calculated at 25 
°C based on the areas and chemical shifts of the peaks. The accuracy of the species concentrations was affected by 
the accuracy of the sample preparation and the integration. The peaks of the species present in the system were 
identified in the NMR spectra and the peak areas were integrated and related to the area of the standard peak. The 
AMP-carbamate stability was calculated based only on the experimental species concentrations from NMR. 
Carbamate formation was observed and calculated even at low loading (0.12). However, further investigation is 
required in order to validate this method and to obtain apparent carbamate stability as function of loading.  
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